Introduction {#bjs10528-sec-0005}
============

Stereopsis is the perception of depth that arises from comparison of slight differences, called disparities, in the images that project to two laterally separated eyes[1](#bjs10528-bib-0001){ref-type="ref"}. The three‐dimensional (3D) systems used in minimally invasive surgery capture separate left‐ and right‐eye images with a dual‐channel laparoscope, and simulate the binocular images that would result if the viewer were positioned at the tip of the laparoscope[2](#bjs10528-bib-0002){ref-type="ref"}, [3](#bjs10528-bib-0003){ref-type="ref"}. In modern 3D laparoscopy, images are viewed via passive polarization in which the viewer wears lightweight glasses that polarize horizontal rows of pixels on the display, with alternate pixel rows corresponding to the right‐ and left‐eye images. Conventional two‐dimensional (2D) displays do not provide stereopsis, and laparoscopic surgeons must rely on indirect visual cues such as shadows, textures and relative colour differences to extract depth information. These indirect cues do not provide a compelling or immediate perception of 3D volume and may not be appreciated by inexperienced viewers[1](#bjs10528-bib-0001){ref-type="ref"}.

Current understanding of the relative advantages of 3D over 2D laparoscopy is based primarily on research with confounded study designs[2](#bjs10528-bib-0002){ref-type="ref"}. Over the past 20 years, studies comparing these systems have not considered the impact of an individual surgeon\'s stereoacuity, viewing distance and cross‐talk on the precision of depth judgements gained from laparoscopic 3D displays[2](#bjs10528-bib-0002){ref-type="ref"}. The failure to account for these basic perceptual factors may have contributed to the inconsistent and conflicting evidence addressing the benefit of 3D over 2D laparoscopy in terms of technical performance and patient outcomes[2](#bjs10528-bib-0002){ref-type="ref"}.

An individual\'s stereoacuity is defined as the smallest depth interval signalled by binocular disparity that can be detected reliably[1](#bjs10528-bib-0001){ref-type="ref"}. Sensitivity to binocular disparity information varies substantially in the general population, with two‐thirds of individuals having good to excellent stereoacuity (so‐called 'haves') and the remainder having moderate to poor stereoscopic perception (so‐called 'have‐nots')[4](#bjs10528-bib-0004){ref-type="ref"}. A recent cross‐sectional study[5](#bjs10528-bib-0005){ref-type="ref"} of surgeons suggests that 10 per cent may be 'stereoblind'. Binocular disparity information is also affected by viewing distance. In direct viewing, the binocular disparity arising from a fixed depth interval is inversely proportional to the viewing distance. The impression of depth generated by a given disparity in a 3D display changes with viewing distance, which can result in distortions of depth relationships in the display. As an individual\'s ability to perceive a given distance between two objects is affected by viewing distance[1](#bjs10528-bib-0001){ref-type="ref"}, studies comparing 3D with 2D laparoscopic displays must also take account of the viewing distance of their participants.

Cross‐talk results from viewing a 3D display from suboptimal viewing locations, such that the orientation of the polarized glasses is not matched to the display monitor. Consequently, each eye sees a mixture of the image intended for that eye and parts of the image intended for the other eye, referred to as 'ghosting'[6](#bjs10528-bib-0006){ref-type="ref"}. Cross‐talk impairs stereovision, and in severe cases results in headache, disorientation and fatigue[7](#bjs10528-bib-0007){ref-type="ref"}. There are common working positions in the operating theatre that may be suboptimal for surgical team members sharing a 3D display, where even short periods of viewing can yield high levels of ghosting and discomfort[6](#bjs10528-bib-0006){ref-type="ref"}.

Given the conflicting evidence as to whether the perception of simulated 3D volume translates directly into significant improvements in surgical performance, it was hypothesized that these inconclusive findings may be due to studies not accounting for individual differences in stereoacuity or situational variables such as viewing distance and/or cross‐talk when comparing 3D with 2D display systems[2](#bjs10528-bib-0002){ref-type="ref"}.

The primary aim of this study was to compare precision of depth judgements, technical performance and perceived workload using 2D and 3D laparoscopic displays. As the viewing distance between the laparoscopic surgeon and the 3D display may vary in clinical practice, participants were assessed on both viewing modes at two viewing distances to increase the generality of the results, and their viewing positions were optimized to minimize cross‐talk during 3D laparoscopy. Secondary aims of this study were to assess the accuracy of a modern 3D laparoscopic display compared with natural binocular viewing, to determine which laparoscopic technical tasks require precise depth judgements, and to examine the relationship between individual stereoacuity and 3D laparoscopic performance.

Methods {#bjs10528-sec-0006}
=======

A counterbalanced within‐subjects design was used in which participants were assigned randomly to one of 32 unique testing sequences. Some 64 volunteers with a mean age of 27·5 years took part in the study. Participants were junior doctors from the University of Queensland (UQ) who were members of the UQ Surgical Interest Group. They were the first 64 respondents to an advertisement placed on the UQ Surgical Interest Group webpage. To minimize floor effects, all participants had previously completed a laparoscopic skills course taught by a surgeon instructor at the Clinical Skills Development Service, Brisbane, Australia.

Measurement of individual stereoacuity using the Randot^®^ Stereotest {#bjs10528-sec-0008}
---------------------------------------------------------------------

The Randot^®^ Stereotest (Stereo Optical, Chicago, Illinois, USA) presents ten sets of three circles. In each set, the target circle has crossed disparity (appears to be closer to the viewer than the other two circles) when viewed through testing glasses containing cross‐polarized filters. Across sets, the target circles have sequentially decreasing disparities of 400 to 20 seconds of arc, and the participant\'s task is to identify which circle appears closer than the other two. Threshold stereoacuity is determined by the last set in which the participant is able correctly to identify the target circle[8](#bjs10528-bib-0008){ref-type="ref"}.

Screening participants for contrast impairment {#bjs10528-sec-0009}
----------------------------------------------

Contrast sensitivity is the ability of the visual system to detect differences in luminance between an object and its background[9](#bjs10528-bib-0009){ref-type="ref"}. The Pelli--Robson contrast sensitivity acuity chart (Clement Clarke International, Harlow, UK) is the most widely used contrast sensitivity measure and uses large letters as targets[9](#bjs10528-bib-0009){ref-type="ref"}. For each consecutive group of three letters, contrast decreases from left to right and from top to bottom of the chart. The lowest contrast at which two or three of the letters in a group can be read determines the participant\'s log contrast sensitivity score. A score of 2·0 indicates optimal contrast sensitivity (100 per cent), whereas a score below 1·5 suggests a sensitivity impairment.

Screening participants for visual acuity impairment {#bjs10528-sec-0010}
---------------------------------------------------

The logarithm of the minimum angle of resolution or logMAR visual acuity chart (National Vision Research Institute, Melbourne, Australia) is the accepted standard for measuring visual acuity[10](#bjs10528-bib-0010){ref-type="ref"}, [11](#bjs10528-bib-0011){ref-type="ref"}. The logMAR uses rows of letters that become progressively smaller and has a constant 0·10 log unit difference between each row. Raw scores are converted into a visual acuity score (VAS) where a score of 100 corresponds to 6/6 vision and higher values correspond to better visual acuities[11](#bjs10528-bib-0011){ref-type="ref"}. For screening purposes, VAS values below 100 were considered indicative of visual acuity impairment.

Minimizing cross‐talk by optimizing viewing position {#bjs10528-sec-0011}
----------------------------------------------------

Cross‐talk or 'ghosting' is produced by incorrect orientation of the polarized glasses relative to the display monitor, resulting in each eye seeing a mixture of the image intended for that eye and parts of the image intended for the other eye. To minimize cross‐talk, each participant was tested in the optimal viewing position in which the centre of the plane of the display was adjusted to be perpendicular to the viewer\'s line of sight[7](#bjs10528-bib-0007){ref-type="ref"}.

Comparing 3D and 2D images using the same system to prevent confounds {#bjs10528-sec-0012}
---------------------------------------------------------------------

The laparoscopic system used was capable of displaying 2D or 3D images with the same set‐up. Target images were captured by the Olympus Endoeye Flex 3D laparoscope, with left and right images relayed to individual Olympus CV‐190 processors and integrated by an Olympus 3DV‐190 visualization unit (Olympus Corporation, Tokyo, Japan). The resulting images were displayed on a compatible Sony LMD‐2451MT LCD HDTV monitor (Sony Corporation, Tokyo, Japan) (dimensions: 60·3 × 38·7 cm), which incorporates a high‐resolution LCD panel (1900 × 1200 pixels) and is intended for medical use only. In the 3D conditions, the display was set for 3D presentation and the participants wore passive polarizing glasses. In the 2D conditions, the display was set to 2D and participants viewed it without polarizing glasses.

Varying the viewing distance systematically {#bjs10528-sec-0013}
-------------------------------------------

Perception of simulated depth is affected by viewing distance and this, in turn, may affect technical performance in 3D laparoscopy[1](#bjs10528-bib-0001){ref-type="ref"}. Two viewing distance conditions were therefore used to approximate common viewing distances in laparoscopic surgery (1 and 3 m). Viewing distance was measured as the straight distance from the back of the participant\'s heels to the mid‐point of a horizontal line on the floor parallel to the plane of the display monitor.

Testing precision of depth judgements {#bjs10528-sec-0014}
-------------------------------------

The Howard--Dolman apparatus is used to test the precision of an individual\'s judgements of the relative depth of objects in space with minimization of indirect depth cues. Participants were required to align two vertical sutures (one blue, one undyed) as closely as possible in depth, so that both sutures appeared to lie side‐by‐side in the same frontoparallel plane. The position of the undyed suture was fixed at 10 cm from the viewing aperture and participants could control the position of the blue suture by pulling on strings attached to a track mechanism. Precision was expressed as the just noticeable difference (JND), a basic parameter of visual performance, synonymous with human variable error[12](#bjs10528-bib-0012){ref-type="ref"}. In the context of this task, a participant\'s JND represented the smallest depth interval between the fixed and adjustable sutures that they could discern reliably. Before this study, all participants were naive to the Howard--Dolman apparatus.

To test depth perception using laparoscopic 2D and 3D images, the laparoscope was mounted so that its tip was directed towards the aperture of the apparatus and perpendicular to the sutures. The distance from the laparoscope to the apparatus was set so that the image of the aperture on the monitor had the same dimensions as the actual aperture. While completing the task using the monitor, participants were positioned so that their line of sight was perpendicular to its centre. Participants were tested at 1 and 3 m.

Accuracy of depth judgements in 3D laparoscopy versus direct viewing {#bjs10528-sec-0015}
--------------------------------------------------------------------

Accuracy, or constant error, is defined as the level of bias associated with a perceptual judgement, and is calculated by averaging the signed deviations from the standard stimulus[12](#bjs10528-bib-0012){ref-type="ref"}. For the laparoscope‐mediated Howard--Dolman task described above, accuracy measurements would reveal any perceptual bias associated with depth judgements using the 3D laparoscopic display, the Howard--Dolman apparatus, or both. To compare accuracy between direct binocular depth perception and the 3D display, participants also completed the Howard--Dolman task while viewing the sutures directly through the aperture with both eyes (and holding their heads still). In relation to the signed mean (calculated across all participants\' mean scores), a positive sign would indicate that, on average, the adjustable blue suture was set by the participant to be more distant than the fixed undyed suture, whereas a negative sign would indicate that, on average, the adjustable blue suture was set closer to the observer than the fixed undyed suture. Ideally, if both the 3D display and the Howard--Dolman apparatus were perfect, the constant error or bias associated with each would be zero.

Testing laparoscopic performance with technical tasks {#bjs10528-sec-0016}
-----------------------------------------------------

Peg transfer skill was tested using the standard Fundamentals of Laparoscopic Surgery task module. This task tests gross instrument control in manipulating objects in 3D space, under time pressure. The time taken to transfer 24 coloured plastic triangles on to the pegs of an empty pegboard was recorded using a stopwatch.

The navigating in space task used a custom apparatus developed for the study (*Fig*. [1](#bjs10528-fig-0001){ref-type="fig"}). This task tests fine instrument control with a needle in 3D space, under time pressure. Participants were required to hold a laparoscopic needle‐holder with their dominant hand, and pass a curved needle fixed in its jaws through a 2‐mm loop at the tip of a monofilament suture. The apparatus incorporated five such loops that participants were required to complete in a predetermined sequence. The time taken for the needle to pass through all five loops was recorded using a stopwatch.

![Apparatus for the navigating in space laparoscopic task](BJS-104-1097-g001){#bjs10528-fig-0001}

Laparoscopic suturing skill was tested using a standard Fundamentals of Laparoscopic Surgery suturing task module. This task tests fine instrument control with a needle and suture, as well as suturing technique in 3D space, under time pressure. Participants were required to handle one laparoscopic needle‐holder with each hand, and manipulate a curved needle on a 12‐cm length of 3/0 polypropylene suture to repair a defect in a rubber tube. A black dot on the edge of each defect indicated where the suture must enter and exit. The time taken for a complete and flat laparoscopic knot (2, then 1, and then 1 throw) was recorded with a stopwatch.

Evaluating perceived workload during laparoscopic tasks {#bjs10528-sec-0017}
-------------------------------------------------------

Workload is a term used in human factors science to describe the mental and physical costs incurred by an individual during work activity. The National Aeronautics and Space Administration Task Load Index (NASA TLX) questionnaire was initially developed to analyse the perceived workload of pilots with the aim of redesigning processes to reduce technical errors, and has become the recognized standard for workload assessment with extensive validation in different industries[13](#bjs10528-bib-0013){ref-type="ref"}, [14](#bjs10528-bib-0014){ref-type="ref"}. The NASA TLX questionnaire has also been used to measure the perceived workload of surgeons and physicians trialling new procedures and technologies designed to improve work efficiency and performance[15](#bjs10528-bib-0015){ref-type="ref"}, [16](#bjs10528-bib-0016){ref-type="ref"}, [17](#bjs10528-bib-0017){ref-type="ref"}, [18](#bjs10528-bib-0018){ref-type="ref"}.

Procedure {#bjs10528-sec-0018}
---------

The testing procedures were approved by the UQ Human Research Ethics Committee and the Programme Director of the UQ School of Medicine. Participants were tested individually.

At the beginning of the session, participants completed the Randot^®^ Stereotest and their ocular dominance was assessed using the near‐point test. Participants then completed the remaining tasks in an order determined by random assignment to one of 32 counterbalanced testing sequences (2 participants per sequence). The 32 sequences comprised a factorial combination of: 2 vision testing orders (monocular/binocular or binocular/monocular) × 2 superordinate task orders (technical tasks/Howard--Dolman tasks or Howard--Dolman tasks/technical tasks) × 2 Howard--Dolman testing mode orders (natural viewing/laparoscopic or laparoscopic/natural viewing) × 2 viewing mode orders (applied to each individual technical task and Howard--Dolman testing mode: 2D/3D or 3D/2D) × 2 viewing distance orders (applied within each viewing mode block for each individual technical task and Howard--Dolman testing mode: 1 m/3 m or 3 m/1 m).

In each testing sequence, there were two separate rounds of visual acuity and contrast sensitivity testing: monocular (using the dominant eye, with the non‐dominant eye patched) and binocular (using both eyes). To minimize the risk of chart memorization, these two rounds of vision testing were kept separate, with one performed before the experimental tasks and the other held at the end of the session.

When tested with the Howard--Dolman apparatus, each participant performed the task six times for each combination of Howard--Dolman testing mode (natural viewing, laparoscopic), viewing mode (3D, 2D) and viewing distance (1 m, 3 m). When tested in the natural viewing mode, 3D viewing comprised natural binocular viewing of the Howard--Dolman apparatus, and 2D viewing involved natural monocular viewing using only the dominant eye. However, data from the natural monocular viewing condition are not relevant to the present aims and are not reported here.

All participants performed the laparoscopic technical tasks in order of difficulty: peg transfer, navigating in space and suturing. Participants completed each task three times for each combination of viewing mode (3D, 2D) and distance (1 m, 3 m), and then completed a NASA TLX questionnaire before moving to the next combination or task. Participants were asked whether they had experienced double vision during 3D laparoscopic viewing.

Statistical analysis {#bjs10528-sec-0019}
--------------------

To assess the precision of depth judgements in the laparoscopy system, a separate JND value (expressed in centimetres) was calculated from each participant\'s Howard--Dolman task data for each combination of viewing mode (2D, 3D) and viewing distance (1 m, 3 m). Each JND value was derived by taking the standard deviation of the individual\'s settings (positive and negative deviations from the zero point where the sutures aligned perfectly) and multiplying by the constant 0·6745[12](#bjs10528-bib-0012){ref-type="ref"}, [19](#bjs10528-bib-0019){ref-type="ref"}, [20](#bjs10528-bib-0020){ref-type="ref"}.

Statistical analyses were conducted using SPSS^®^ version 22 (IBM, Armonk, New York, USA) with α set at 0·05. A repeated‐measures ANOVA was conducted on the laparoscopic JND data to assess the effects of viewing mode (2D versus 3D) and viewing distance (1 m versus 3 m). For each laparoscopic task (peg transfer, navigating in space and laparoscopic suturing), similar repeated‐measures ANOVAs were then conducted on the performance (time to completion) and workload data. Each significant viewing mode × viewing distance interaction was followed up with simple effects tests (paired t tests) comparing 2D versus 3D at each distance.

The effects of stereoacuity on laparoscopic performance were examined with a series of 12 Pearson correlation coefficients assessing the relationship between Randot scores (1--10) and time to completion for each of the three laparoscopic tasks under each combination of viewing mode (2D, 3D) and viewing distance (1 m, 3 m). To interpret these correlations, α was adjusted using the Bonferroni correction for multiple comparisons (α = 0·004).

Results {#bjs10528-sec-0020}
=======

Stereoacuity {#bjs10528-sec-0021}
------------

The numbers of participants who obtained each possible threshold stereoacuity score on the Randot^®^ Stereotest are shown in Table  [1](#bjs10528-tbl-0001){ref-type="table-wrap"}. None of the 64 participants was found to be stereoblind.

###### 

Number of participants who obtained each possible threshold stereoacuity score on the Randot^®^ Stereotest

  Threshold stereoacuity (seconds of arc)   Randot^®^ score                              No. of participants (n = 64)
  ----------------------------------------- -------------------------------------------- ------------------------------
  20                                        10[\*](#bjs10528-note-0002){ref-type="fn"}   31 (48)
  40                                        9                                            8 (13)
  50                                        8                                            11 (17)
  60                                        7                                            1 (2)
  80                                        6                                            4 (6)
  100                                       5                                            6 (9)
  140                                       4                                            2 (3)
  400                                       2                                            1 (2)
  800                                       1                                            0 (0)
  Stereoblind                               0                                            0 (0)

Values in parentheses are percentages.

Best stereoacuity.

Eye dominance, contrast sensitivity, visual acuity and double vision {#bjs10528-sec-0022}
--------------------------------------------------------------------

Thirty‐one participants were left‐eye dominant and 33 were right‐eye dominant. Using the Pelli--Robson contrast sensitivity chart, no participant was found to have an impairment (score less than 1·5) in binocular contrast sensitivity (mean score 1·85) or dominant‐eye monocular contrast sensitivity (mean score 1·78). Using the logMAR visual acuity chart, no participant had a VAS of less than 100 corresponding to visual acuity poorer than 6/6 vision (binocular VAS, mean 103·9; monocular VAS, mean 103·3). During laparoscopic 3D viewing, no participant reported experiencing double vision.

Precision of depth judgements made via the laparoscopy system {#bjs10528-sec-0023}
-------------------------------------------------------------

Analysis of the laparoscopic precision data (Fig.  [2](#bjs10528-fig-0002){ref-type="fig"}) revealed a significant main effect of viewing mode (F(1,63) = 447·59, P \< 0·001), qualified by a significant viewing mode × viewing distance interaction (F(1,63) = 32·85, P \< 0·001). At 3 m, the JND for depth judgements made via the laparoscopy system was 5·26 (95 per cent c.i. 4·49 to 6·02) cm smaller for 3D than for 2D images (t(63) = 13·67, P \< 0·001). At 1 m, the advantage of 3D images was even greater: the JND was 7·38 (6·75 to 8·01) cm smaller for 3D versus 2D images (t(63) = 23·42, P \< 0·001). In relative terms, depth judgements made using 3D images rather than 2D images were 3·0 times as precise at 3 m and 6.2 times as precise at 1 m (calculated using the values presented in Fig.   [2](#bjs10528-fig-0002){ref-type="fig"}, by dividing the precision value for 2D by the precision value for 3D for each viewing distance).

![Precision of depth judgements by participants using the Howard--Dolman apparatus via the laparoscopic system. Values are mean(s.d.) just noticeable differences (JNDs), arranged according to viewing mode (two‐dimensional versus three‐dimensional) and viewing distance (1 m versus 3 m)](BJS-104-1097-g002){#bjs10528-fig-0002}

Accuracy (perceptual bias) {#bjs10528-sec-0024}
--------------------------

Accuracy was the level of perceptual bias associated with depth judgements. When viewing the same stimulus (the Howard--Dolman apparatus), the levels of bias (mean deviation from zero) for direct binocular viewing and the 3D display, respectively, were 0·1 *versus* −0·7 cm at 1 m, and 0·3 *versus* −0·8 cm at 3 m.

Laparoscopic performance {#bjs10528-sec-0025}
------------------------

### *Peg transfer task* {#bjs10528-sec-0026}

ANOVA on the peg transfer task performance data indicated that participants completed the task significantly faster when viewing in 3D compared with 2D (*F*(1,63) = 70·65, *P* \< 0·001) (*Fig*. [3](#bjs10528-fig-0003){ref-type="fig"} *a*). In relative terms, completion times were 14 per cent shorter at 1 m and 13 per cent shorter at 3 m when viewing in 3D *versus* 2D (calculated using the values presented in *Fig*.  [3](#bjs10528-fig-0003){ref-type="fig"} *a*, by deducting 3D completion time from 2D completion time and then dividing by 2D completion time for each viewing distance).

![Laparoscopic performance (mean(s.d.) completion time) according to viewing mode (two‐dimensional versus three‐dimensional) and viewing distance (1 m versus 3 m) for three tasks: **a** peg transfer, **b** navigating in space and **c** suturing](BJS-104-1097-g003){#bjs10528-fig-0003}

### *Navigating in space* {#bjs10528-sec-0027}

Significant main effects involved viewing mode (*F*(1,63) = 278·06, *P* \< 0·001) and viewing distance (*F*(1,63) = 72·40, *P* \< 0·001), qualified by a significant viewing mode × viewing distance interaction (*F*(1,63) = 16·29, *P* \< 0·001) (*Fig*. [3](#bjs10528-fig-0003){ref-type="fig"} *b*). At 1 m, participants were 65·72 (95 per cent c.i. 56·22 to 75·22) s faster when viewing in 3D than with 2D (*t*(63) = 13·82, *P* \< 0·001). At 3 m, the performance advantage of 3D images was greater, and participants were 90·35 (77·74 to 102·96) s faster when using 3D (*t*(63) = 14·32, *P* \< 0·001). In relative terms, completion times were 64 per cent shorter at 1 m and 62 per cent shorter at 3 m when viewing in 3D *versus* 2D (calculated as above, using the values presented in *Fig*.  [3](#bjs10528-fig-0003){ref-type="fig"} *b*).

### *Suturing* {#bjs10528-sec-0028}

ANOVA on the suturing task performance data yielded two significant effects. Participants completed the task significantly faster when viewing in 3D *versus* 2D (*F*(1,63) = 143·47, *P* \< 0·001), and there was also a main effect of viewing distance such that participants were significantly faster at 1 m than at 3 m (*F*(1,63) = 64·87, *P* \< 0·001) (*Fig*. [3](#bjs10528-fig-0003){ref-type="fig"} *c*). In relative terms, completion times were 34 per cent shorter at 1 m and 28 per cent shorter at 3 m when viewing in 3D *versus* 2D (calculated as above, using the values presented in *Fig*.  [3](#bjs10528-fig-0003){ref-type="fig"} *c*).

Laparoscopic workload {#bjs10528-sec-0029}
---------------------

### *Peg transfer task* {#bjs10528-sec-0030}

ANOVA on the NASA TLX scores for the peg transfer task yielded two significant effects. There was a main effect of viewing mode such that perceived workload was significantly lower when viewing in 3D than in 2D (*F*(1,63) = 90·89, *P* \< 0·001). There was also an effect of viewing distance such that perceived workload was significantly lower at 1 m than at 3 m (*F*(1,63) = 26·28, *P* \< 0·001) (*Fig*. [4](#bjs10528-fig-0004){ref-type="fig"} *a*). In relative terms, perceived workload was 28 per cent lower at 1 m and 24 per cent lower at 3 m when viewing in 3D *versus* 2D (calculated using the values presented in *Fig*.  [4](#bjs10528-fig-0004){ref-type="fig"} *a*, by deducting 3D workload from 2D workload and then dividing by 2D workload for each viewing distance).

![Perceived workload (mean(s.d.) National Aeronautics and Space Administration Task Load Index (NASA TLX) score) according to viewing mode (two‐dimensional versus three‐dimensional) and viewing distance (1 m versus 3 m) for three tasks: **a** peg transfer, **b** navigating in space and **c** suturing](BJS-104-1097-g004){#bjs10528-fig-0004}

### *Navigating in space* {#bjs10528-sec-0031}

Analysis of the NASA TLX scores for the navigating in space task also yielded significant main effects of viewing mode and viewing distance. Perceived workload was significantly lower when viewing in 3D (*F*(1,63) = 131·88, *P* \< 0·001) and when viewing from 1 m compared with 3 m (*F*(1,63) = 46·37, *P* \< 0·001) (*Fig*. [4](#bjs10528-fig-0004){ref-type="fig"} *b*). In relative terms, perceived workload was 34 per cent lower at 1 m and 32 per cent lower at 3 m when viewing in 3D *versus* 2D (calculated as above, using the values presented in *Fig*.  [4](#bjs10528-fig-0004){ref-type="fig"} *b*).

### *Suturing* {#bjs10528-sec-0032}

Analysis of the NASA TLX scores for the suturing task again yielded significant main effects of viewing mode and viewing distance. Perceived workload was significantly lower when viewing in 3D (*F*(1,63) = 113·80, *P* \< 0·001), and when viewing from 1 m compared with 3 m (*F*(1,63) = 12·03, *P* \< 0·001) (*Fig*. [4](#bjs10528-fig-0004){ref-type="fig"} *c*). In relative terms, perceived workload was 20 per cent lower at 1 m and 15 per cent lower at 3 m when viewing in 3D *versus* 2D (calculated as above, using the values presented in *Fig*.  [4](#bjs10528-fig-0004){ref-type="fig"} *c*).

Correlation of laparoscopic performance with Randot^®^ stereoacuity {#bjs10528-sec-0033}
-------------------------------------------------------------------

Across the 12 correlation coefficients assessing the relationship between Randot^®^ stereoacuity and laparoscopic performance on each of the three tasks for each combination of viewing mode (3D, 2D) and viewing distance (1 m, 3 m), there was one significant result after applying the Bonferroni correction (*Table*  [2](#bjs10528-tbl-0002){ref-type="table-wrap"}). Higher Randot^®^ stereoacuity was associated with faster completion times when participants performed the navigating in space task in 3D at 1 m (*r* = −0·40, *P* = 0·001).

###### 

Correlation coefficients assessing the relationship between Randot^®^ stereoacuity scores and time to completion for each laparoscopic task under each combination of viewing mode and viewing distance

  Laparoscopic task       Viewing at 1 m   Viewing at 3 m                                          
  ----------------------- ---------------- ----------------------------------------------- ------- -------
  Peg transfer                                                                                     
  *r*                     −0·03            0·00                                            0·07    −0·13
  *P*                     0·793            1·000                                           0·609   0·308
  Navigating in space                                                                              
  *r*                     −0·17            −0·40[\*](#bjs10528-note-0004){ref-type="fn"}   −0·25   −0·19
  *P*                     0·192            0·001                                           0·051   0·135
  Laparoscopic suturing                                                                            
  *r*                     0·02             −0·08                                           −0·05   −0·04
  *P*                     0·856            0·557                                           0·678   0·765

2D, two‐dimensional; 3D, three‐dimensional.

Significant at α *=* 0·004 (α‐adjusted using the Bonferroni correction for multiple comparisons).

Discussion {#bjs10528-sec-0034}
==========

There is conflicting evidence about whether the perception of artificial 3D volume translates directly into improved laparoscopic performance[2](#bjs10528-bib-0002){ref-type="ref"}. Performance differences identified in previous studies from the operating theatre and simulation laboratory may depend on basic perceptual processes that were not assessed directly, such as individual differences in stereoacuity and tolerance for cross‐talk[2](#bjs10528-bib-0002){ref-type="ref"}. Both factors were taken into account in the present study by measuring individual stereoacuity and ensuring optimal viewing conditions for the 3D displays in all conditions.

The precision of depth judgements advantage in 3D over 2D is immediate and not affected by either experience or technical differences between novices and experts[1](#bjs10528-bib-0001){ref-type="ref"}. However, depth specified by indirect cues in conventional 2D laparoscopy is not always appreciated by inexperienced viewers[1](#bjs10528-bib-0001){ref-type="ref"} and must, therefore, be acquired from laparoscopic experience. The Howard--Dolman apparatus used in this study conceptually represents a difficult operating interface that provides minimal indirect depth cues, as encountered in the depths of a human pelvis or within dark, blood‐stained tissue. Using this apparatus, the present study showed that laparoscopic depth judgements can be 6·2 times as precise at 1 m, and 3·0 times as precise at 3 m, using 3D compared with 2D displays. These results illustrate large gains in precision that both novice and experienced surgeons can expect to obtain using 3D displays in challenging locations with minimal indirect depth cues. Given the high risk of intraoperative complications during procedures performed by inexperienced laparoscopists[21](#bjs10528-bib-0021){ref-type="ref"}, [22](#bjs10528-bib-0022){ref-type="ref"}, [23](#bjs10528-bib-0023){ref-type="ref"}, [24](#bjs10528-bib-0024){ref-type="ref"}, [25](#bjs10528-bib-0025){ref-type="ref"} and the precision data reported here, current evidence supports the integration of 3D displays into trainees\' early operative experiences and training to reduce the risk of these complications arising from imprecise depth judgements. Similarly, in the context of simulated colonoscopy, 3D displays have been shown to improve immediately the detection of diminutive, minimally elevated lesions by trainee endoscopists[26](#bjs10528-bib-0026){ref-type="ref"}. The present accuracy findings also demonstrate the relatively high visual fidelity of modern 3D laparoscopic displays.

This study also compared laparoscopic technical performance and perceived workload using 2D and 3D laparoscopic displays, while controlling for viewing distance and optimizing stereopsis by minimizing cross‐talk during 3D laparoscopy. Previous clinical and simulation trials[27](#bjs10528-bib-0027){ref-type="ref"}, [28](#bjs10528-bib-0028){ref-type="ref"}, [29](#bjs10528-bib-0029){ref-type="ref"}, [30](#bjs10528-bib-0030){ref-type="ref"} that did not incorporate these controls found no significant performance differences between 2D and 3D viewing conditions. However, the present study demonstrates that modern 3D displays can offer substantial performance and workload improvements. When participants were tested in the 3D viewing mode, both laparoscopic completion times and perceived workload decreased for all three tasks. As conventional 2D displays do not provide a compelling and immediate perception of 3D volume, this may explain why participants perceived their workload to be higher when viewing in 2D (which required them to extract indirect visual cues while simultaneously performing technical tasks).

Previous studies comparing 3D and 2D displays have used technical tasks proven to correlate with laparoscopic performance in 2D (such as Fundamentals of Laparoscopic Surgery tasks, McGill Inanimate System for Training and Evaluation of Laparoscopic Skills tasks, and the European Training in Basic Laparoscopic Urological Skills system)[22](#bjs10528-bib-0022){ref-type="ref"}, [24](#bjs10528-bib-0024){ref-type="ref"}, [27](#bjs10528-bib-0027){ref-type="ref"}, [28](#bjs10528-bib-0028){ref-type="ref"}, [31](#bjs10528-bib-0031){ref-type="ref"}, [32](#bjs10528-bib-0032){ref-type="ref"}, [33](#bjs10528-bib-0033){ref-type="ref"}, [34](#bjs10528-bib-0034){ref-type="ref"}. The present study, however, highlights that, for different tasks, laparoscopic performance can vary across different display modes and viewing distances. For the peg transfer task, 3D viewing significantly improved performance, but there was no effect of viewing distance. The relatively small reduction in completion time (13 per cent, averaged over viewing distances) suggests that this task does not require highly precise depth perception. For the suturing task, both 3D viewing and a shorter viewing distance (1 m *versus* 3 m) significantly improved performance. The larger reduction in completion time associated with 3D viewing (31 per cent, averaged over viewing distances) suggests that this task requires higher levels of precision than the peg transfer task. Suturing is highly reliant on technique. Both needle and suture are much finer than the plastic triangles used for peg transfer; hence, more precise depth judgements are required to manipulate these objects in 3D space.

In contrast to the peg transfer and suturing tasks, the navigating in space task was designed purposefully to minimize secondary depth cues (by using target loops with minimal contrast and colour variation) and maximize the need for precise depth judgements (by requiring participants to thread a needle through five 2‐mm wide target loops arranged differently in 3D space), while minimizing potential technique‐related floor effects for laparoscopic beginners (because completing this task is not dependent on esoteric laparoscopic skills). Like the suturing task, both 3D viewing and a shorter viewing distance significantly improved performance. The navigating in space task also demonstrated that the effect of viewing mode on laparoscopic performance can depend on viewing distance, with 3D yielding a significantly greater advantage at 3 m than at 1 m (90·35 *versus* 65·72 s), although in percentage terms the reductions in completion time compared with 2D were similar (62 per cent at 3 m and 64 per cent at 1 m). These large improvements suggest that precise depth judgements made performance of the task substantially more efficient. Using the navigating in space task at 1 m, a significant correlation between stereoacuity and 3D laparoscopic performance was seen. Before this study, there was no simulation task designed specifically to test performance differences between 2D and 3D displays[2](#bjs10528-bib-0002){ref-type="ref"}. Future simulation studies on 3D displays should include manipulations (such as the navigating in space task) that are capable of testing fine levels of laparoscopic depth perception.

The study has limitations, including the high proportion of participants with excellent stereoacuity. This may explain why performance differences in 3D were affected by individual stereoacuity only in the navigating in space task (which required the highest level of precision) and only at the shorter viewing distance (where stereoacuity is maximal). Another explanation as to why only one correlation was found is that participants were beginners, so their limited laparoscopic skills may have made them unable to capitalize on the potential performance advantages of high *versus* adequate stereoacuity when performing the peg transfer and suturing tasks in 3D.

Strict control over experimental conditions has demonstrated that 3D displays offer significant advantages over 2D displays in terms of precision of depth judgements, laparoscopic performance and perceived workload.
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